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a  b  s  t  r  a  c  t
The  generation  of  micro-features  in a predictable  and  repeatable  manner  by use  of  pulsed  laser  ablation
requires  an understanding  of the  temporal  and  energetic  distributions  of  the  laser  beam  upon  the work-
piece surface.  Modelling  the response  of the  material  to  known  energetic  and  kinematic  parameters  of
the pulsed  laser  ablation  process  can  be carried  out in  a discretised  time-based  approach,  allowing  the
workpiece  topography  to be simulated  mathematically  to reﬂect  a  real-life  process.  Considerations  of  the
antecedent  workpiece  surface  texture  such  as  increases  in  irradiated  area  due  to  the  surface  gradient,  and
increases  in laser  spot  size  due  to beam  divergence  throughout  the  elevation  of  the  workpiece  are  used
to  predict  energy  densities  and  hence  the  resultant  ablated  depth  and  texture  of  the  targeted  surfaces.  Aurface texture/micro-topography
luence
fully  calibrated  Yb:YAG  pulsed  ﬁbre  laser  (SPI G3.0  RM)  was  used  to validate  the model  on  three  materi-
als,  highlighting  the  models  strengths  for different  material  types.  It  was  found  that  Ni  based  workpieces
presented  redeposition  phenomena  under  these  laser  ablation  conditions.  To  analyse  the  model  without
redeposition,  validations  trials  on  materials  that  do not  present  such  side  effects,  e.g.  diamond,  were
carried  out and  differences  were  found  to be  up to 9.39%.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).. Introduction
As there is an increased need to machine ever harder and
ougher materials for manufacturing components at macro/micro
cale level, pulsed laser ablation (PLA) has become a viable
rocessing method with the decrease in capital cost (Steele, 2008)
nd quick technology adoption across industries (e.g. medical,
erospace, defence). Thus, using PLA instead of other manufac-
uring technologies has unique beneﬁts: (i) it allows removal of
ery small controlled masses of target materials at very high
recision (spot diameters < 60 m);  (ii) damage to the material
tructure of the component can be controlled/minimised if laser
ype/parameters are carefully selected for each workpiece material
Kong et al., 2012); (iii) it has the ability to be easily and safely auto-
ated; (iv) it allows machining of tough and hard materials (Dubey
nd Yadava, 2008) which would be very difﬁcult to machine using
onventional cutting methods.However, despite these obvious advantages of PLA, it very often
equires specialist knowledge/integrated CAM control to machine
igh precision features. This is due to the lack of a universally
∗ Corresponding author. Tel.: +44 01159514117.
E-mail address: dragos.axinte@nottingham.ac.uk (D. Axinte).
ttp://dx.doi.org/10.1016/j.jmatprotec.2014.07.008
924-0136/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unapplicable model to predict the outcome of the laser machining
processes, as it already available for other dwell time dependent
process like water jet machining (Billingham et al., 2013). PLA
machining modelling has been highly researched over the past
decade but the focus has been mainly on experimental determi-
nation of laser parameters to enable processing the workpiece
surfaces at required surface precision and accuracy (Dubey and
Yadava, 2008) rather than on modelling to improve the predictabil-
ity of laser machining processes. In this context, although the
mathematical modelling of the surface to be obtained after PLA
(as a superposition of individual laser footprints) could lead to a
step-change in controlling PLA process (avoiding expensive “trial
and error” approaches), published literature suggests that limited
attention has been dedicated to this research ﬁeld. More attention
has been focused on developing physics based models of how the
laser/beam works instead of how the laser interacts with the target
surface (the machining process).
Existing analytical models can be divided into three different
categories (Dubey and Yadava, 2008): those based upon simpliﬁed
assumptions, described using input and output parameters, which
are then related using empirical data. An example of this approach
is Yilbas’ model for predicting kerf width of holes using an oxygen-
assisted laser cutting mild steel (Yilbas, 1997). Other types may rely
on FEM methods such as a model for predicting material removal
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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nd groove smoothness by Kim et al. (1993). The third type incorpo-
ates artiﬁcial intelligence methods, utilising knowledge from data
ases with learning abilities e.g. work by Yousef et al. (2003) to
redict the required pulse energy for a speciﬁed crater depth and
iameter. All of these models are difﬁcult to apply because they
nly cover very speciﬁc situations or require extensive set up and
omputing power. Hence, there is a need for a computationally fast
odel with real process relevance.
Of speciﬁc importance has been research which aimed at inves-
igating the effect of material removal without structural damage
o the component such as oxidation or metallurgical changes (Davis
t al., n.d.). The material removal rate is highly dependent on the
nergetic (e.g. ﬂuence) parameters of the laser as well to the mate-
ial properties (e.g. thermal conductivity, speciﬁc heat capacity)
nd its surface quality (e.g. roughness) (Jiang et al., 1993). It has
een observed that there is a relationship between ﬂuence and
aterial removal (Vladoui et al., n.d.). This allows the prediction of
aterial removal though neglects to consider further effects, which
ould allow making predictions of the resulting surface texture.
f course this is by no means the perfect solution. Using multi-
hysics models, however, to predict the effect of the intensity over
ime increases calculation time for minor accuracy improvements
f certain modelling aspects.
While there has been research into the surface roughness after
ulsed laser ablation processes, it has been focused on consider-
ng a set of standard parameters (Xuyue Wang et al., 2006), which
ead to a certain quality of surface ﬁnish rather than on modelling
he surface and to determine its features in a very accurate way.
his is of limited use when it comes to the prediction of macro-
eometries (e.g. shapes) of PLA surfaces. Furthermore, most of the
eported research relied on the empirical comparison of how one
ynamic parameter affects the quality of the surface texture of the
omponent or on identifying some “optimum parameters” for a
peciﬁc pulsed laser process (Etsion, 2005) rather than providing a
universal” model, which is independent of speciﬁc pre-set condi-
ions. Also most research focuses on one pulse rather than tracks
f pulses or even complex geometries.
One of the ﬁrst models of pulsed laser cutting mainly focused
n how to determine the quality of the cut rather than surface tex-
ure (Kaebernick et al., 1999). The model uses the oxygen reaction
ith molten metal to determine the quality measured in terms of
he kerf width. Although, this model is an interesting step, since
t incorporates chemistry rather than relying on a relationship
etween ﬂuence and crater depth, it is unable to predict the sur-
ace texture of the component after the pulsed laser cutting process
r even complex geometries. Furthermore, the model is limited to
aximum scan speeds of 900 mm/min, which is a limiting factor.
The idea to capture one footprint and overlay it to produce a
urface texture could be considered a major step in modelling of
ootprints with a focus on dynamic parameters (Kong et al., 2012).
he model uses a time modulation step function to place pulses
nto a component, and uses a logarithmic relationship between
uence and ablated depth. However, the model uses a measured
on-adaptable footprint and hence cannot include changes due to
ocal depth or the surface gradient. The value of the model however
s its ability to predict a surface without using computer intensive
EA methods.
Another topic of much research is the recast layer which is
resent in most PLA operations below certain threshold ﬂuence.
hien found that assist gas pressure, peak power and focal length
ffect the recast layer thickness on Inconel 718 most (Chien and
ou, 2006). The paper by Momma  talks about the effect of pulse
uration on solid targets (Momma  et al., 1997). Further studies
ound a relationship between the cavity size and the recast layer
hickness (Kar and Mazumder, 1990). Recast layer formation has
lso been related to the material used and the frequency of the pulseng Technology 214 (2014) 3077–3088
(Bandyopadhyay et al., 2002). None of these studies offer a sim-
pliﬁed relationship between kinematic/energetic parameters and
ﬂuence, and resultant workpiece topography.
It becomes apparent that all existent models are either very
basic or too speciﬁc and are not applicable to predict the surface
texture. Due to the many inﬂuential factors which make up the
surface texture a new or improved model is needed.
1.1. Scope of the paper
This paper presents a mathematical model which can calibrated
for any material, laser and set of dynamic and energetic parame-
ters to determine the dynamic effect, i.e. micro-topography, when
pulse laser ablation of a target surface. This model will use an
experimentally determined logarithmic relationship between ﬂu-
ence levels and the maximum depth of the laser crater while taking
into account for the overlapping of pulses, depth of ﬁeld and the
surface gradient of the component. Finally the model is validated
on Inconel 718 and CVD diamond.
In this respect, the model for surface micro-topography
obtained by PLA takes into consideration the following aspects:
• The depth of ﬁeld effect: the reduction in ﬂuence due to the work-
piece surface being off the focal point of the laser.
• The surface gradient effect: the reduction in ﬂuence due to the
laser spot energy being distributed over an increased area due to
the target surface not being parallel to the laser focal plane.
• A relationship between ﬂuence and crater depth for speciﬁed
materials.
• A step function accounting for the placement of the pulses on a
track.
2. Approach in modelling of surface roughness in PLA
The main (i.e. analytical) modelling approach presented in this
paper does not consider material redeposition, but only the primary
effect of material removal. To evaluate the robustness of the ana-
lytical models and validation trials were carried out on diamond
(which does not present the material redeposition phenomena).
Furthermore, experimental calibrations and validations trials were
carried out on Inconel 718 to empirically evaluate the secondary
effect of material redeposition.
Methodology for predicting the surface micro-topography
under pulsed laser ablation involves several stages. The ﬁrst stage
involves the collection of various laser speciﬁc parameters, deﬁning
initial conditions such as pre-ablation workpiece texture. Sec-
ondly, laser-material interaction calibration data must be gathered
from sets of experimentally generated craters to allow the model
to interpolate ablated depths at different ﬂuence levels. Lastly,
the ﬂuence ﬁeld is generated considering its reductions that may
arise from pre-existing surface gradients (non-orthogonal angles
of incidence) and laser spot diameter increases arising from beam
divergence. On a pulse-by-pulse basis, the antecedent workpiece
micro-topography outputted from the model is used as an input
surface for the next pulse. Hence, any overlapping pulses are cal-
culated after considering effects of the preceding pulse.
Therefore, a kinematic/energetic model is presented to assess
the evolution workpiece surface micro-topography throughout a
prescribed process with known parameters, on a speciﬁc laser sys-
tem and target material. Of course, having different material and
laser speciﬁcations, the procedure for calibrating the model as pre-
sented in the following should be carried out.
Fig. 1, showing an generic freeform surface with the focal plane
of the laser (grey), highlights the two main considerations of this
model: (i) surface area increase arising from a non-ﬂat angle of
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sig. 1. Example workpiece texture with focal plane (grey) and laser beam divergen
he  web version of the article.)
ncidence for the laser beam; (ii) increase in laser spot size due
o its divergence characteristics. The divergence behaviour of the
aser beam is presented, demonstrating that at a location on the
orkpiece which does not lie on the focal plane, the laser spot
iameter will be larger than that at focus. In addition to increased
pot diameter away from the focal plane, a distorted laser spot also
emonstrates the increase in irradiated area through spot ‘stretch’
hen incident upon a non-ﬂat surface.
. Geometrical modelling of pulsed laser ablated surfaces
The model works on the principle of a pulse-by-pulse evalu-
tion of a laser ablation process. Starting from a set of isolated
ulses generated in known (i.e. set frequency, pulse duration, wave
orm, power) conditions and imitating a speciﬁc laser system and
ts operating range/tolerances it allows the demonstration of what
omponents and features a laser system is capable of producing.
ach laser pulse is ‘projected’ onto the antecedent (non-ﬂat) work-
iece surface. This results in surface texture data for the entire
orking area, before and after each pulse. The model describes
hese features within a steady kinematic state working area of the
ystem – where beam velocities and pulse repetition frequencies
re constant; these capabilities are available on state-of-the-art
alvanometer mirrors that manipulate the laser beams in x–y axis.
To model the evolution of workpiece surface micro-topography
hroughout a process, the effects of individual laser pulse on the sur-
ace must be considered. By determining the effect of a laser pulse
t a known position and set of known laser parameters (power,
requency, wavelength, etc.) a response of the material can be mod-
lled.
.1. Generic relationshipTo calibrate the model to a speciﬁc material and laser system,
xperimental data can be analysed to determine a relationship
etween depth of ablated material and the incident energy on the
urface.). (For interpretation of the references to color in this text, the reader is referred to
Research and experimental data suggest that the relationship
takes the generic form (Ren et al., 2013; Wu and Shin, 2007; Arnold
and Bityurin, 1998; Vladoui et al., n.d.; Kong et al., 2012) as in Eq.
(1a). Calibration between a speciﬁc laser system and a speciﬁc tar-
get material gives an equation relating ablated depth to incident
laser ﬂuence.
h  = a′ log (˚)  + b′ (1a)
where: a′ and b′ – constants depending on workpiece material and
laser type,  ˚ – actual ﬂuence that takes into consideration the beam
out off focus, gradient of the target surface
To give the constants a′ and b′ units of length, the logarithm is
taken of the ratio between the actual ﬂuence for the pulse (˚)  and
the reference ﬂuence (˚0), thus, resulting in a normalised ﬂuence
as in Eq. (1b). The term “reference ﬂuence” used in this paper is the
maximum ﬂuence achievable by the chosen laser system, occurring
when the pulse energy is at a maximum, and the laser spot diameter
is at the minimum size allowable by any optics being used, for a
given pulse duration.
h  = a log
(
˚
˚0
)
+ b (1b)
Calculation of the reference ﬂuence (˚0) will be dependent on
the laser system to be used. In some systems, there will be a pulse
repetition frequency (in this setup f0 = 25 kHz) below which laser
output power is reduced to maintain constant pulse energy; this is
to protect internal components from excessively high peak powers
and any possible damage. With the maximum power laser output
being Pmax, the maximum pulse energy of a laser system of this type
can derived as: Emax = Pmax/f0.
To make use of the modelling approach proposed in this paper,
initial calibration between the target material and the proposed
laser system must be done. This calibration informs the model
about the relationship between depth of craters made by the laser
beam and the input laser ﬂuence.As ‘instantaneous’ ablation is assumed, there is a need to
recalibrate the model for any different laser, or different pulse dura-
tion/pulse shape on the same laser. Thus, without multi-physics
simulation of the process, it is possible to use the model for fast
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omputational evaluation of real micro/macro-features generated
y pulsed laser ablation.
.1.1. Fluence deﬁnition and calculation
In this model, the ﬂuence across an element on the workpiece,
ot necessarily ﬂat, is deﬁned by the total energy incident on an
rea A. As ıx and ıy tend towards to 0, a ﬂuence ﬁeld ˚(x, y) can
e described as a function of location on the workpiece (x, y). The
ormula describing ﬂuence as a function of laser average power P
W)  and pulse repetition frequency f (Hz) is as follows:
 = P
fıxıy
(2)
Therefore, the maximum ﬂuence from the energy distributed
ver a laser spot of diameter ϕ is:
max = 8P
fϕ2
(3)
Eq. (3) assumes that the maximum ﬂuence (typically located
t the centroid of the beam) is twice the average ﬂuence over the
hole laser spot, for a typical near-TEM00 (Gaussian) beam, (Svelto,
010).
.1.2. Kinematics
The (x¯, y¯) location of the centre of laser beam at any point in
ime, t, can be described by Eqs. (4) and (5).
¯ (ti) = xi + vfxti [x¯ = x0 + ıxtrack(Ntrack − 1)] (4)
¯ (ti) = yi + vfyti [y¯ = y0 + ıytrack(Ntrack − 1)] (5)
where (x¯, y¯) – position of the laser beam at a moment, i; x0, y0
 initial position of the laser beam; Ntrack – nominal track number
n parallel hatching.
From the beam path arbitrary angle, , with respect to the ref-
rence frame (XYZ) as presented in Fig. 2, the velocities in x and y
an be formulated as Eqs. (6) and (7).
 vfx = → vf cos (i) (6)
 vfy = → vf sin (i) (7)
A real process (and real processing equipment) will include tran-
ient behaviour such as galvanometer mirror acceleration, power
amp up, etc. These effects will have localised inferences on the
ositioning of the laser beam at any point in time (e.g. at scan geom-
try edges), or ablated depths. In addition to this, for a machine not
sing an F-Theta type lens the spot size will vary radially from theng Technology 214 (2014) 3077–3088
optical axis. This will then introduce an error on ﬂuence calcula-
tion as spot size is assumed to be constant within any given plane
parallel to the focal plane of the laser.
3.1.3. Time modulation
Time modulation of a laser process, in this model, considers only
the time period T (i.e. 1/f)  between consecutive pulses. The model
does not simulate the process of ablation, i.e. physics of material
removal, throughout the pulse duration , where ti ≤ t ≤ ti + . The
implication of this is such that calibration of the model must be
done for each separate pulse duration/pulse shape to be used in
the ablation process. As a result, by combining Eqs. (4) and (5) and
considering the modulation below, the (x¯, y¯) centre of a laser pulse
can be examined. For the range of operating scan speeds, frequen-
cies and durations of the pulses to be considered in this model,
the signiﬁcance of laser spot stretch (increase in effective size of
laser spot in scan direction) could be negligible. For example, at a
high scan speed of 2000 mm/s  (often used for material ablations)
and pulse duration of 20 ns leads to 40 nm spot stretch which rep-
resents ∼0.1% of the spot diameter, hence the negligibility of this
effect.
For this model, time modulation g(t + T) is used to modulate the
instantaneous ablation process. Whilst the process is simulated,
only at times when g(t + T) = 1 (shown in Fig. 3) will there be a laser
pulse.
3.1.4. Instantaneous spatial energy distribution of the beam
To expand the calculation of ﬂuence for a single laser spot to a
ﬂuence ﬁeld over the whole workpiece, the location of the beam
(xi, yi) and the beam diameter ϕz at a surface height z away from
the focal plane of the laser are needed. These can be applied using
the energy density distribution behaviour of the beam (in this case
Gaussian) to any point (xi + ıx, yi + ıy) on the workpiece surface.
Radial (r) positions away from the beam centre have intensity I′
deﬁned in the distribution:
I′(r, ϕz, (xi, yi)) (8)
Normalising this intensity, and expressing it in terms of Carte-
sian coordinates results as in an expression (9) which can easily
be applied to the workpiece coordinate system. Re-scaling of this
normalised ﬁeld (for the whole work piece surface) to reﬂect the
maximum ﬂuence which is assumed to be at the centroid of the
beam (x¯, y¯), the ﬂuence ﬁeld can be derived;
I′(r, ϕzxi, yi) ⇒ I(xi, yi, ϕz, ) (9)
˚z(x, y) = ˚max · I(xi, yi, ϕz, ) (10)
3.1.5. Depth of ﬁeld
Due to the nature of how laser beams are focused, at a plane
which is not within the focal plane, the laser spot diameter (ϕz) is
increased. On the focal plane (z = 0) the laser spot has a theoretical
minimum diameter ϕ0. For an ‘F-Theta’ lens, with planar focus, any
work plane which is parallel to, but offset from the focal plane in
the direction of the laser radiation propagation (with offset height
z), the spot diameter for a beam with Gaussian energy density dis-
tribution and wavelength  is expressed as follows (Kogelnik and
Li, 1966):where zr denotes Rayleigh length; the value of offset height z
at which the laser spot area is doubled (the laser spot diameter is
increased by a factor of
√
2).
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Laser beams have a theoretical minimum divergence and hence
pot size for a given set of optics and wavelength. This theoretical
eam behaviour is known as a ‘perfect’ beam. For real laser
eams (with divergence properties greater than the theoretical
inimum), a factor M2 is used to approximate the divergence
ehaviour of the beam relative to that of a ‘perfect’ quality beam
Siegman, 1998). This factor describes the increased divergence
f a real beam compared to a theoretical, perfect one. As such,
ultiplication of the laser spot size by this factor will give the
ctual laser spot diameter, at any height z:
z = ϕ0M2
√
1 +
(
z
zR
)2
(12)
The maximum ﬂuence at any height (Eq. (13)) and in the focal
lane (Eq. (14)), i.e. absolute maximum, can be obtained as follows:
z,max = 8P
fϕ2z
(13)
0,max =
8Pmax
f0ϕ20
(14)
To express the change in laser spot diameter at a plane with
eight z with regards to the minimum spot diameter (on focus),
he ﬂuence at the work surface can be calculated proportionally to
he square of spot sizes at height z and focal plane. Based on Eq. (10),
his can be used to express the ﬂuence ﬁeld, corrected for change
n laser spot size due to surface height, at any point on the work
iece surface.
z(x, y) = 8P
fϕ20
·
(
ϕ0
ϕz
)2
· I(x, y, ϕz, x¯i, y¯i) (15)
.1.6. Incident surface area
Throughout the ablation process, the laser beam incidents
he target surface in non-orthogonal conditions. This is not only
elated to the macro-geometry of the surface but also at the
icro-geometry level when the laser beam could impact on
icro-features of similar dimensional order as the laser spot size
<50 m).
For a completely ﬂat target workpiece, the ﬂuence can be accu-
ately calculated with all equations up to Eq. (15). However, if there
s a surface gradient at any point, then the effective surface area
ver which the energy is distributed (Fig. 1) increases compared
ith the situation when a ﬂat plane is targeted by the laser beam.
Obtaining the gradient in x and y of the surface h, (∂h/∂x) and
∂h/∂y) respectively, allows the calculation of the area of a surface
= h(x, y, t0) +
t=(N/f )∑
t=0
⎛
⎝−a log
⎡
⎣g(t + (
(8P1/f
ge V(t) pulse shape and pulse train.
element (Eq. (16)) and a factor of increased area for a point as ıx
and ıy tend towards to 0 (Eq. (17)) as follows;
dS′ =
∫ ∫ √√√√((∂h
∂x
)2
+
(
∂h
∂y
)2
+ 1
)
dA (16)
dS =
√(
∂h
∂x
)2
+
(
∂h
∂y
)2
+ 1 (17)
This increase in area reduces the laser ﬂuence incident on any
location on the workpiece. The ratio of Eq. (17) and the size of an
element dA in the laser view plane will describe the ratio of ﬂuence
that is on a non-ﬂat surface;
˚z,non-ﬂate(x, y) = ˚z,ﬂat(x, y) ·
dA
dS
(18a)
=
⎡
⎣˚z,ﬂat(x, y) · 1√
(∂h/∂x)2 + (∂h/∂y)2 + 1
⎤
⎦ (18b)
3.2. Compounded function
Consideration of all of the effects described, the ﬂuence for any
location (x, y), at any point in time t, can be used, with knowl-
edge of the antecedent surface data h(x, y, t − ıt), to calculate the
change in height (if any). Iterative evaluation of this formula at time
steps ıt will therefore describe the evolution of a workpiece surface
throughout a laser machining process.
ıh(x,  y,  t) = −a  log
[
g(t +  (1/f  ))  · (8P/fϕ20) · (ϕ0/ϕz)
2 ·  I(x,  y ·  ϕz, x¯i, y¯i)
(8Pmax/f0ϕ20)
√
(∂h/∂x)
2 +  (∂h/∂y)2 + 1
]
+  b
(19)
For a process containing N pulses taking a total time t = N/f with
a time step of ıt = 1/f;
h(x, y, t) = h(x, y, t − ıt)  + ıh(x, y, t) (20)
hN(x, y, t) = h(x, y, t0) +
t=(N/f )∑
t=0
ıh(x, y, t) (21a)
1/f )) · (8P/fϕ20) · (ϕ0/ϕz)
2 · I(x, y.ϕz, x¯i, y¯i)√
2 2
⎤
⎦+ b
⎞
⎠ (21b)max/f0ϕ20) (∂h/∂x) + (∂h/∂y) + 1
Fig. 4 shows a step by step combination of the above functions,
resulting in the workpiece surface texture simulation:
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. Deﬁne input constants to the model, and the initial workpiece
surface texture data.
. Calculate the energy density (Eq. (9)) at each point (x, y) on the
workpiece.
. Correct ﬂuence ﬁeld (Eq. (18)) for increase in laser spot size, due
to surface area (Eq. (17)) and depth of ﬁeld (Eq. (13)) effects, at
every location in the workpiece.
. Using experimentally deﬁne logarithmic (Eq. (1)), output resul-
tant surface texture (micro-topography) using corrected ﬂuence
ﬁeld (Eq. (21)).
. Increment time index and repeat steps 2 onwards until simula-
tion is complete.
 = surface height (m)  P = average power output (W), t = time (s),
max = maximum power output (W), f = pulse repetition frequency
Hz) 
 = laser spot diameter (m), f0 = reference pulse repetition fre-
uency (Hz), a, b = constant (m).
.2.1. Presence of material redeposition
If the chosen material exhibits redeposition at the edges of
blated craters within the ﬂuence range considered, then large
rrors may  occur in prediction if there is no quantiﬁcation and
odelling included for this phenomenon.
For previous models of surface texture prediction under pulsed
aser ablation, simplistic methods were used, if any, to model rede-
osition. Rims of constant height (no variation/undulation) have
een considered (Lee et al., 2013; Krstulovic´ and Milosˇevic´, 2010;
ong et al., 2012), however it is clear from observation that this is
ot highly accurate as material is deposited in localised mounds
Bruneau et al., 2005), leading to an undulating rim around the
rater.
To improve on this aspect of modelling a 3 stage process for
escribing the redeposition around the crater is considered. Firstly,
he height and width of the rim are determined in accordance withfor deposit-free material removal.
experimental data. These values are used to describe a parabola,
whose equation also includes the radial position of the rim (how
far away it lies from the crater centre). This parabolic section is
then rotated in 3D to give a raised ‘rim’ around the crater, of the
prescribed width and height. Lastly, from frequency analysis of
experimentally generated redeposition rims, a number of undu-
lations are applied to the rim. This is done by scaling the rim to
heights varying between maximum and minimum observed val-
ues. This undulation occurs at a set angular period, determined by
the frequency analysis carried out previously. The undulation is also
given a ‘randomised’ orientation, such that consecutive craters will
not ‘redeposit’ material in the exact same place when simulated.
In summary, the model proposed in this paper is comprised of
an analytical approach for calibrating and predicting ablated depths
of craters and their proﬁle, and an empirical method for approxi-
mating the redistribution of material around the edge of a crater.
4. Methodology and experimental design
To evaluate the validity of the proposed model an extensive
set of experiments were conducted. The proposed methodology
relates a range of energetic and kinematic parameters to a certain
ﬂuence level and hence, a certain footprint based on the surface of
the component.
The validity of the model was tested on two materials with
different responses, i.e. Ni-based superalloy, Inconel 718 (show-
ing material redeposition) and CVD diamond (without material
redeposition), to the laser type used (Yb:YAG). The choice of CVD
diamond was  based on its unique thermal properties characterised
by its abrupt phase change – from solid diamond to either plasma
in the vapour phase, or non-ablated diamond to amorphous car-
bon/graphite in the solid phase – allows laser machining at low
ﬂuences without redeposition characteristics. As for Inconel 718,
D. Gilbert et al. / Journal of Materials Processing Technology 214 (2014) 3077–3088 3083
Table  1
Calibration (single pulse) trials parameters.
Parameter Value
Power Inconel 718: 20–6.5 W (1.5 W increment)
Diamond: 20–12 W (2 W increment)
Waveform
Scan speed 2500 mm/s
Frequency 25 kHz
Off focus 0 mm
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ablation of CVD diamond and in this way  the model was  validated
by excluding the material redeposition phenomena. Then, consid-
ering the modelling of the redeposited rim, the overall modelling
Table 2
Validation (overlapping pulses) trials parameters.
Parameter Value
Power (P) 16 W
Pulse duration 200 ns
Scan speed (vs) 1250–350 mm/s in steps of 100 mm/s
Frequency (f) 25 kHzM2  1.8
Wavelength 1064 ± 2 nm
Spot diameter 39.5 m
 Ni-based superalloy displaying more complex ablation mecha-
ism characteristics due to the relatively protracted (liquid to solid)
hase change of its constituents, was used in relevance to an indus-
rial application.
The laser used in this experiment had a maximum average out-
ut power of 20 W and had a pulse duration range of 9–200 ns,
ith a wavelength of 1064 nm.  It could be operated between 1
nd 500 kHz. The beam quality had been classiﬁed as 1.8 by the
anufacturer.
In order to validate the model the logarithmic relationship (Eq.
1)) between ﬂuence and crater depth for the CVD diamond and
nconel 718 is needed. Experiments had been set up to create sets
f craters on both materials with decreasing average power while
eeping the rest of the dynamic and energetic parameters con-
tant (no overlap between the pulses). For Inconel 718 power was
ecreased from 20 down to 6.5 W in steps of 1.5 W,  while for CVD
iamond the same had been done from 20 down to 12 W in steps
f 2 W.  The whole range of parameters can be found in Table 1. The
ulse shape shown in Table 1 was chosen for experiments as it gave
he largest possible pulse energy (0.8 mJ)  from the laser thus allow-
ng greater ablated depths per crater with the measurement itself
aving a better signal-to-noise ratio.
Using a white light interferometer (Bruker Contour GT) the
nconel 718 and CVD craters were been measured and ﬁltered. To
ncrease the quality and usability of data harvested from experi-
ental trials, two post-measurement operations were carried out.
emoval of modal tilt was performed to rotate the measured sur-
ace, to a plane as ﬂat as possible in the z direction. This did not
hange local values of the data (e.g. crater depths with respect
o neighbouring surface); instead, all points on the data ﬁeld are
ranslated with respect to one-another to give a ﬂatter surface. Sec-
ndly, a data restore interpolation function was used to ﬁll in small
typically <1 m)  gaps in data which were not captured by the mea-
urement technique used. Both these corrections have been done
tilising the built-in metrology software (Bruker Vision64) of the
hite light interferometer.
Fig. 5 shows a 3-D trace of a selected crater after processing
sing a Gaussian ﬁlter, using band pass ﬁlter constantswithin the range (wavelength cut-off wavelength cut-off ranges
0.015 mm ± 0.01–0.5 mm ± 0.4). Fig. 6b shows the sectional (X–Y
proﬁle) measurements of a single crater. Maximum crater depth
and diameter were been measured to allow the calculation of the
estimated ﬂuence level of the pulse by taking a 2D cross section in
the middle of a crater (in a plane orthogonal to the scan direction
and workpiece surface). Due to the reﬂective nature of Inconel 718
the white light interferometer was  deemed good enough to supply
valid data (Fig. 6). In some cases measurements on CVD diamond
were done using a 3D proﬁlometer (Talysurf CLi1000) due to its
unreﬂective nature where excessive graphitisation was  present.
To validate the capabilities of the model, tracks with progres-
sively increasing overlapped footprints were machined. Parameters
used are listed in Table 2, and both materials were validated using
the same parameter set. After applying the same measurement pro-
cedures as previously described, 2D cross-section of the tracks (i.e.
overlapped footprints) were created in the scan direction. The 2D
cross-sections have been overlaid by the generated surface micro-
geometry using the model. For the Inconel 718 trials the rim of
redeposited material was  included into the model using the estab-
lished relationship following the methodology mentioned later,
and shown in Fig. 9. However, in the ﬁrst step the predictions of
the model were compared with the experimental results from theOff  focus (z) 0 mm
Beam quality (M2) 1.8
Wavelength 1064 ± 2 nm
Spot diameter (
0) 39.5 m
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Fig. 5. Cross section depth example measurement of single crater with ﬁltered CVD 3D crater measurement data.
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pproach (ablation and redeposition) has been validated on Inconel
18.
Fig. 7 shows a set of craters ablated on Inconel 718 at a frequency
f 25 kHz, and scan speeds of 950 mm/s  (left), 1050 mm/s  (middle)
nd 1150 mm/s  right). These craters were generated using an aver-
ge power output of 16 W,  corresponding to a normalised ﬂuence
f 0.8 (see Fig. 8).
. Model validation and discussion
A procedure was set up in order to capture and evaluate work-
iece response to laser parameters to calibrate the model for the
rediction of ablated surface proﬁles/textures. The procedure then
xtends to generate series of progressively overlapping craters. This
s to evaluate the model’s predictive power on non-ﬂat surfaces,
y pulsing the laser partially on top of a crater generated from a
revious pulse.
.1. Experimental data for calibration of material response
.1.1. Material response equation
To set up the model for use and validation, calibration between
aser energetic parameters and material response must ﬁrst be car-
ied out. This calibration determines values of the constants ‘a’ and
b’ used in Eq. (1).nting redeposition around crater rim.
This process was carried out for both materials; on diamond to
assess the analytical part of the modelling approach where material
redeposition is not present, and on Inconel 718 to demonstrate the
model’s use on a commonly used ‘hard-to-machine’ material.
Fig. 8 shows calibration data used to deﬁne the relationship
between normalised laser ﬂuence and ablated depth (Eq. (1)) on
both materials. Figs. 5 and 6 show examples of the craters used
in calibration. Note that on a crater created in Inconel 718 (Fig. 6)
redeposition is present whereas the crater created in CVD diamond
(Fig. 5) there is no redeposition. Model calibration performed in the
way described in this paper only characterises material response on
a macro/micro scale. Material substructures such as crystal grains
and/or other material phases, which may  introduce different mate-
rial response characteristics, are not considered. Therefore, errors
may  be present due to this at a typically sub-micron level.
5.1.2. Characterisation of redeposition
To approximate the proﬁle of the redeposition the measure-
ments shown in Fig. 9 were used. This data was then used to ﬁt
a quadratic cross sectional rim around the crater. Each rim was
given a randomised angular orientation with respect to the scan
direction, and a nominal number of undulations to imitate observa-
tions. Undulations had maximum and minimum heights between
the limits shown in Fig. 9a. The mean redeposition heights around
craters are also shown in Fig. 9a.
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Fig. 7. Example sets of overlapped craters ablated on Inconel 718.  ˚ = 31.5 J/cm2.
Fig. 8. Calibration of response of CVD diamond workpiece to pulsed laser ablation (  ˚ = 15–40 J/cm2).
Fig. 9. An example of the geometrical characteristics of material redeposition when laser ablating Inconel 718 (P ≤ 20 W,  f = 25 kHz,  = 200 ns): (a) height and (b) width of
the  rim.
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cig. 10. Comparison of simulated (dashed blue) and experimental (solid red) cro
iamond, vs = 800 mm/s. (b) Middle – Inconel 718, vs = 1150 mm/s (no redeposition)
he  references to color in this text, the reader is referred to the web version of the a
.2. Selection of craters and trenches for model validation
Based on qualitative assessments of the crater deﬁnitions, (i.e.
oncentricity and uniformity of sectional proﬁle, perimeter deﬁ-
ition) for the two materials, a laser power setting of 16 W at a
ulse frequency of 25 kHz was selected for the generation of pro-
ressively overlapped craters on each material. Validation for the
odel was carried out both on trenches ablated in Inconel 718 and
VD polycrystalline diamond.
Validation of this model along a single track of pulses as shown
n Fig. 10 is equivalent to validation across multiple adjacent tracks.
he model evaluates the surface evolution due to sequences of
ulses, however this is not limited to consecutive pulses. Therefore
 series of craters along a single track, or a series of adjacent craters
cross multiple tracks can be used in the same way for validation.
In addition, single pass processing has been used to evaluate
he model due to potential errors in multi-pass processing with
espect to pulse placement. Accurate super-position of consecutive
racks or pulses relies on; accurate positioning of the ﬁrst pulse in
 track, and knowledge of kinematic behaviour of each individual
rack. If track positioning, or scan acceleration across the workpiece
or each track, is unknown in multi-pass machining, one cannot
eliably model the process. This model relies heavily upon accurate
nowledge of the (x, y) coordinate positioning of each laser pulse.
Fig. 10 shows an example comparison of predicted vs. actual
ross sections of crater lines. A maximum difference of 9.39%tions from lines of overlapped craters, where P = 16 W,  f = 25 kHz. (a) Top – CVD
ottom – Inconel 718, vs = 1150 mm/s (redeposition included). (For interpretation of
)
was found in the validation trials on CVD polycrystalline diamond
(Fig. 10a), with some differences as low as 0.72% for higher per-
centage overlap lines. Depth prediction showed good agreement
with experimental results, and as such a successful validation of the
model was performed for depth prediction. However, where rede-
position was concerned, without an accurate multi-physics model
in place large errors were observed.
Redeposition of melt expulsion apparent in the laser ablation of
some materials (Bozsóki et al., 2011; Lee et al., 2013) adds extra
errors in surface prediction. Fig. 10b and c shows the comparisons
of cross sections taken from experimental data and a modelling
prediction on Inconel 718 with and without redeposition included.
To characterise the rim around the crater approximates were made
from data harvested from the calibration trials, where redeposition
is present and measurable through the same methodology as crater
depth measurements. Whilst this approach to approximate the
redeposition effect in the process is a step forward, the randomised
nature of its orientation does not guarantee accuracy. Therefore,
the model is validated with no redeposition, on a material without
redeposition when ablated (diamond).
5.3. Computer simulation toolTo take this model at a higher level of utilisation, a MATLAB
based simulation tool was  written and built into a user-friendly GUI
for simulation of PLA processes as shown in Fig. 11. Categorised
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arameters are presented to the user and can be changed to
imulate a wide range of pulsed laser ablation strategies, allowing
ersatile application of the model presented. Outputs of the GUI
nclude various 3D micro-topographies of laser ablated surfaces
tarting from given initial surfaces. The process can be viewed
ulse-by-pulse and any calculations can be saved in libraries,
ncluding all input parameters used for that simulation. 2D cross
ections are given to further evaluate the output data.
Nevertheless, apart from the errors stemming from random
ature of the material redeposition phenomena and the inherent
ariability of footprints, the following assumptions, to be dealt in
urther research on situations to make them relevant, could also
ave an inﬂuence on the outcome of simulations:
By assuming a Gaussian energy distribution the intensity of the
beam at a radial position ‘r’ may  be a source of error. This
will manifest most noticeably when craters are overlapped and
ablated depths calculated from incorrect intensities are summed
cumulatively over a larger number of overlapping pulses.
Through assuming instantaneous ablation the effects of kine-
matics on crater dimensions and form are affected. However, at
machined process parameters likely to be used for a real process
e.g. scan speed 1000 mm/s  this source of error is negligible.
. Conclusion
The need to machine micro features on ever harder and tougher
aterial helped the rise of pulsed laser ablation in many manufac-
uring industries like aerospace, defence, biomechanics etc. Hence,
t became apparent that there is a need for a simple model to predict
he effects of laser machining onto the surface texture of the compo-
ents. In contrast with the previous models characterised by com-
lex multi-physics and/or computational demanding approaches,
his paper presents a simple mathematical model, which can pre-
ict surface textures for PLA by considering the dynamic and
nergetic parameters as well as the initial surface gradient and the
ocal length of the laser. The only necessary step for rapid appli-
ation of the model is to calibrate the material response to theulation GUI and outputs.
energetic parameters to be used in the pulsed laser ablation pro-
cess. It works on a pulse by pulse basis and the pulses are assumed
to be instant, which is another reason for its fast calculation times.
The novelty of model is its adaptability for the prediction of
micro and macro surface texture on a wide range of materials by
taking into account surface conditions of the component. It is inde-
pendent of the type of laser used and computational faster than
more complicated FEA models. Hence, it allows prediction of fea-
ture generation with innovative and complex beam paths using
laser machining processes.
The model has been validated on CVD diamond and Inconel
718. The relationship between ﬂuence and crater depth has been
found for both materials as well as the redeposition parameters for
Inconel 718. Several tracks of pulses with different overlaps have
been machined and validated against the theoretical predictions.
The results of the validation are in good agreement with the
theoretical results of the model with an error of less than 9.39%
between theoretical and empirical results. It can be concluded that
the model demonstrates its capabilities to predict the effects of
different dynamic and energetic parameters on two distinctive
materials, including one with redeposition estimation. Overall, the
model allows after some calibration to predict laser machining
operation beforehand to eliminate the need for a trial and error
scenario when using laser machining on an industrial scale.
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